ABSTRACT: Variety of applications of fast neutron detection utilize thermal neutron detectors and moderators. Examples include homeland security applications such as portal monitors and nuclear safeguards which employ passive systems for detection of fissile materials. These applications mostly rely on gas filled detectors such as 3 He, BF 3 or plastic scintillators and require high voltage for operation. Recently there was considerable progress in the development of solid-state neutron detectors. These operate by detection of charged particles emitted from neutron interactions with a converter material. In order to increase neutron detection efficiency to a usable level, the thickness of the converter material must exceed the range of the charged particles in the converter, which limits the efficiency of planar detectors to several percent. To overcome this limitation three dimensional structured solid-state devices are considered where the converter can be thicker but still allow the charged particles to escape into the semiconductor. In the research described here this was accomplished by a semiconductor device that resembles a honeycomb with hexagonal holes and thin silicon walls filled with the converter material. Such design can theoretically achieve about 45% thermal neutron detection efficiency, experimentally about 21% was observed with a partially filled detector. Such detectors can be fabricated in variety of sizes enabling designs of directional fast neutron detectors. Other converter materials that allow direct detection of fast neutrons were also considered by both simulation and experiments. Because the semiconductor thickness is less than a few hundred microns, the efficiency of these detectors to γ-ray(s) is very low.
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With further developments these new solid-state neutron detectors can replace gas ionization based detectors in most applications. Traditional thermal neutron detectors mostly utilize gas-based detectors or scintillators and employ a converter material with large total cross section. In these detectors neutrons are converted to charged particles (typically α-particles) which can ionize the detector material and thus indirectly indicate that a neutron interaction occurred. Fast neutron detectors can also employ the kinetic energy of the neutron to cause recoils that are also charged particles and thus provide a conversion process similar to thermal detectors. In various applications thermal neutron detectors and moderators are used to detect fast neutrons. The advantage of some of the existing concepts such as 3 He gas-based detector is the high neutron detection efficiency and γ-ray(s) insensitivity. Some of the disadvantages of gas-based or scintillators detectors are the requirement of high voltage bias and the associated detector costs. Recently the inventory of 3 He was greatly reduced, which increased the cost of such detectors rendering them unobtainable for most applications. The purpose of this research is to develop a low cost solid-state based thermal neutron detector that can be produced in small and large sizes, be cost effective and robust, reduce or zero the bias voltage, has a high neutron detection efficiency and low γ-ray(s) sensitivity, and thus provides a good alternative to current neutron detectors. The concept behind such detector is very similar to what was described above by using silicon based detector and boron based converter. The detector is intended to be used in low radiation environment such that radiation damage to the silicon semiconductor is not a concern. It was also attempted to adhere to standard fabrication technologies common in the solid-state industry and thus reduce the cost.
Detector construction
Solid-state neutron detectors use a converter with which the neutron interacts to create two charged particles that can be detected by the solid-state device. Planar detectors with a layer of converter coupled to the solid-state device have an efficiency limited by the range of the charged particles in the converter [1] . For the case of 10 B the boron layer thickness layer is limited to about 3 µm. When taking the low level discrimination into account the resulting maximum efficiency is about 5% [1] . Methods to overcome this problem were previously described in the literature; they include (a) (b) Figure 1 . (a) previous designs of a perforated detector, a PIN diode structure with long electron-hole migration paths, (b) the current design is fully depleted with the charge collection layer surrounding the boron layer.
the all boron carbide detector [2] [3] [4] and structured geometries [5, 6] . All these detectors attempt to have more converter material embedded in the detector layer. The all boron carbide detector is a homogenous mixture of boron and carbon and the structured devices are heterogeneous adding boron in perforation in the solid-state detector. The boron carbide detectors are currently limited to a thin layer because of the low charge mobility in the material [2] . When using a structured detector the boron is embedded in trenches or holes in the silicon. In previous work [5, 7] the silicon region is operated like a PIN diode which increases the leakage along the silicon/boron interface (see figure 1a ) and thus limits the depth of the structure. The device discussed here overcomes this issue by a fully depleted design as illustrated in figure 1b. The charge collection layer surrounds the silicon depletion region and thus provides more efficient charge collection and also enables deeper structures. Because of this higher charge collection efficiency such devices can operate without any bias. For pillar width less than 4 µm such device has capacitance similar to a planar diode, which is important for preventing degradation of the signal.
Device optimization
Before the devices were fabricated, a series of analytical calculations and GEANT 4 [8] simulations were performed in order to find the optimum device dimensions and geometry [9] . Geometries considered included trenches, square holes, pillars, and hexagonal holes, an example of simulation results is shown in figure 2 for the hexagonal holes which proved to be the geometry of choice. The simulations assumed a thermal neutron beam incident orthogonally to the front side of the detector and an energy deposition discrimination of 200 keV. The results indicate ∼45% efficiency for a hole separation (silicon wall thickness) of ∼1 µm and boron hole diameter of 2.8µm. It also provides information on the sensitivity of the efficiency to the structure parameters. The calculations presented here were performed assuming boron density of 2.35 g/cm 3 , reduction of boron density to 1 g/cm 3 results in about 12% reduction in the efficiency and change of optimal dimensions to favor smaller hole separation. 
Device fabrication
Device fabrication uses standard clean room equipment consistent with the longer term goal of drastically lowering the cost of these devices. Fabrication starts with a silicon wafer of the proper doping concentration, the wafer is then masked and etched to the desired geometry. The Deep Reactive-Ion Etching (DRIE) process was used and up to 60 µm deep etching was achieved, figure 3 shows an example of etched hexagonal holes. The boron fill process is performed using Low Pressure Chemical Vapour Deposition (LPCVD) with variations of pressure and temperature variations with time. In the first phase of this process the temperature is elevated to 900˚C for 15 minutes to form the P + layer. Boron is then deposited at temperatures in the range 500-600˚C, with pressure kept at 300 mTorr. After the boron fill is complete, the top layer is etched using standard DRIE process and contacts are made using aluminium evaporation. The device is then packaged for testing in a standard metal socket. The mask was designed such that multiple devices of different sizes are packaged together and available for testing.
Results and conclusions
In order to test the device, a calibrated thermal neutron source was produced. The setup included 252 Cf source emitting fission neutrons in a moderated geometry. The moderator size was 61cm x61cm x40cm with the 252 Cf source embedded in the centre of the 61cm x 61cm face placed 2.5cm from the face of maximum neutron emission. The flux was measured using gold activation foils, a small Li-Glass detector, and a BF 3 detector. Measurements were taken with and without Cd cover such that the average thermal flux could be determined. The results at different distances from the moderator face were compared with MCNP [10] calculations. At the test distance of 18 cm from the moderator face, the flux was found to be 702±20 n/cm 2 /s thermal neutrons (in May 2010).
The detector under test was placed in a cast aluminium box connected to a Cremat [11] modified preamplifier with 45ns time constant and a fast shaper (100ns time constant). The pulse height distribution is shown in figure 4 where the experimental results are compared with GEANT 4 [8] simulations. It was also observed that application of 9V reverse bias slightly reduced the detector noise and thus improved the efficiency.
The best measured efficiency with a detector partially filled with natural boron was 4.5 ± 0.3% and the simulation of the same device results in 4.8% efficiency. Scaling this measured efficiency to a boron fill which is 95% enriched in 10 B results in an efficiency of about 21%, which is one of the highest efficiencies reported in the literature for a single detector of this type.
The efficiency measurement and calculations described above were performed for a thermal neutron beam incident on the front side of the detector. When the detector is covered or embedded in a moderator, the neutron flux can enter the detector from all directions and streaming paths along the silicon are removed. The result is a higher detection efficiency compared to the case of a collimated beam hitting the front face which was previously calculated. Calculations indicate that in a moderated geometry the efficiency of a single detector (filled with 99% 10 B) increases to about 75%. This efficiency represents the ratio of thermal neutrons detected to the number of neutrons entering the detector volume [12] .
Experiments and calculations performed with γ-ray(s) indicate low energy deposition and low interaction probability with the silicon (∼6x10 −4 for 60 Co 1.174 MeV and 1.332 MeV γ-ray(s) and active layer of 40 µm).
Experiments and calculations were also conducted for a detector filled with parylene-n (simulated at C 8 H 10 with density of 1 g/cm 3 ). Such device provides direct detection of fast neutrons by proton recoil reactions with the plastic. For a hole depth of about 28 µm the measured efficiency measured using fission neutrons from 252 Cf was found to be 0.11% compared with a calculate value of 0.14%. Although the efficiency is low such detector could be used in applications where the neutron flux is sufficiently high. However at very high flux rates (inside a nuclear reactor) this detector will suffer radiation damage and is not expected to function.
